INTRODUCTION
============

Neurogenesis continues throughout adulthood in a variety of species, including humans ([@b3-jer-9-2-6-243_249]; [@b8-jer-9-2-6-243_249]; [@b17-jer-9-2-6-243_249]). This new cell birth and neurogenesis occur in the rostral subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus ([@b11-jer-9-2-6-243_249]). Neurogenesis is known to play an important role in learning and memory processes of the hippocampus ([@b29-jer-9-2-6-243_249]).

Neurotrophins play crucial roles in the development of central nervous system (CNS), exerting influence on cell survival, differentiation, and cell death ([@b10-jer-9-2-6-243_249]). Brain-derived neurotrophic factor (BDNF) is a small dimeric protein, and works through its receptor, tyrosine kinase B (Trk-B). BDNF modulates neural growth and survival, and BDNF is implicated in learning and memory processes; therefore, dysfunction in BDNF is accompanied by cognitive deficits ([@b6-jer-9-2-6-243_249]). BDNF enhances hippocampal-dependent memory and long-term potentiation, a form of synaptic plasticity, via Trk-B ([@b19-jer-9-2-6-243_249]). A high level of BDNF is concentrated in the hippocampus, and BDNF is selectively increased following activity-dependent learning and memory tasks ([@b32-jer-9-2-6-243_249]).

Exercise training is also known to improve brain functions such as short-term and spatial learning memories and cognitive function, increase neurogenesis and neurotrophic factors expression, and enhances long-term potentiation ([@b14-jer-9-2-6-243_249]; [@b16-jer-9-2-6-243_249]; [@b18-jer-9-2-6-243_249]; [@b23-jer-9-2-6-243_249]). The exercise-induced neurogenesis is known to be coincided with increased expression of BDNF ([@b4-jer-9-2-6-243_249]). In particular, swimming is known to induce various changes in the functions of the rat's brain ([@b28-jer-9-2-6-243_249]). It was demonstrated that swimming increases neurogenesis in the hippocampal dentate gyrus of rats ([@b18-jer-9-2-6-243_249]; [@b24-jer-9-2-6-243_249]). [@b25-jer-9-2-6-243_249] reported that regular exercise training improves memory function through increment of expressions of BDNF and nerve growth factor (NGF) in rat brain.

Detraining has been defined as the 'cessation' of training-induced adaptations ([@b21-jer-9-2-6-243_249]). Detraining has been reported to exert negative effects on cardiovascular adaptation ([@b5-jer-9-2-6-243_249]), muscle function ([@b7-jer-9-2-6-243_249]), and energy metabolism ([@b22-jer-9-2-6-243_249]; [@b30-jer-9-2-6-243_249]).

Although previous studies have documented that swimming exercise training increases neurogenesis and improves memory function ([@b24-jer-9-2-6-243_249]; [@b25-jer-9-2-6-243_249]), the effects of de-training of swimming exercise on neurogenesis and memory function are still scarce. In the present study, we investigated the effects of swimming training and sudden detraining on short-term memory, spatial learning memory, and BDNF expression in the hippocampus using mice.

MATERIALS AND METHODS
=====================

Animals and treatments
----------------------

Male ICR mice weighing 40±10 g (6 weeks of age) were used for the experiment. The experimental procedures were performed in accordance with the animal care guidelines of the National Institutes of Health (NIH) and the Korean Academy of Medical Sciences. The mice were housed under the controlled temperature (20±2°C) and the lighting (08:00--20:00 h) conditions. Food and water were made available *ad libitum*. The mice were randomly assigned to each of three groups (n=15 in each group): the control group, the training group, and detraining group. The animals were lived in the cage (48×26 cm), and 5 mice were placed per cage. The mice of all groups were injected intraperitoneally with 5-bromo-2′-deoxyuridine (BrdU; 50 mg/kg; Sigma Chemical Co., St. Louis, MO, USA) once a day for 8 weeks. The animals divided into the 3 groups: control group, training group, and de-training group. The animals were sacrificed immediately after behavior tests.

Swimming training and detraining
--------------------------------

The mice in the training group were made to swim for 60 min per day, 6 days a week during 8 weeks. The mice in the detraining group were accomplished the swimming training for 60 min per day, 6 days a week for 4 weeks, and then discontinued training during next 4 weeks. Water temperature was maintained at 32°C during swimming training. The mice in the control group were lived in the cage without swimming training for the same duration.

Step-down avoidance test
------------------------

In order to investigate the short-term memory of the mice, the latency time in the step-down avoidance test was determined, as previous described method ([@b2-jer-9-2-6-243_249]; [@b13-jer-9-2-6-243_249]). The mice were trained in a step-down avoidance test on the 8 weeks after starting experiment, and they were tested on 24 h after training session in the step-down avoidance test. The mice were placed on a 7×25 platform, at height of 2.5 cm, and allowed to rest on the platform for 2 min. The platform faced a 42×25 cm grid of parallel 0.1 cm-caliber stainless steel bars, which were spaced 1 cm apart. During training session, the animals received 0.5 mA scramble foot shock for 3 sec immediately upon stepping down. The time staying on the platform until stepping down and placing all four paws on the grid was defined as the latency of the step-down avoidance test. Latencies over 300 sec were counted as 300 sec.

Radial-arm maze test
--------------------

The spatial learning memory was tested using a radial-arm maze apparatus, as previously described ([@b2-jer-9-2-6-243_249]; [@b15-jer-9-2-6-243_249]). The radial-arm maze apparatus consisted of a central octagonal plate (30 cm in diameter) and radiating eight arms (50 cm in length and 10 cm in width). A small receptacle filled with water (3 cm in diameter and 1 cm in depth) was located at the end of the arms. The mice were trained three times before the spatial learning test. During the training sessions, the mice was deprived of water for 24 h and allowed to explore the water for 5 min after finishing each session. On the 8 weeks after starting experiment, the spatial learning memory was determined. The time spent for the seeking of water at the end of the arms was counted. The test was terminated when a mouse found water in all eight arms or over 8 min elapsed. The number of correct choice before the first error was counted, and re-entry into the previously visited arms was counted as the number of error choice.

Tissue preparation
------------------

The mice were sacrificed after the completion of behavior tests. The animals were weighed and anesthetized using Zoletil 50^®^ (10 mg/kg, i.p.; Vibac Laboratories, Carros, France). After a complete lack of response was observed, the mice were transcardially perfused with 50 mM phosphate-buffered saline (PBS) and fixed with a freshly prepared solution consisting of 4% paraformaldehyde (PFA) in 100 mM phosphate buffer (PB, pH 7.4). The brains were dissected and post-fixed in the same fixative overnight and transferred into a 30% sucrose solution for cryoprotection. Serial coronal sections of 40 μm thickness were made with a freezing microtome (Leica, Nussloch, Germany).

Immunohistochemistry
--------------------

BrdU immunohistochemistry was used for the detection of newly generated cells in the hippocampal dentate gyrus, as the previously described method ([@b2-jer-9-2-6-243_249]; [@b13-jer-9-2-6-243_249]). In brief, the sections were initially permeabilized by incubation in 0.5% Triton X-100 in PBS for 20 min, then pretreated with 50% formamide-2×standard saline citrate (SSC) at 65°C for 2 h, denaturated in 2N HCl at 37°C for 30 min, and rinsed twice in 100 mM sodium borate (pH 8.5). Afterwards, the sections were incubated overnight at 4°C with BrdU-specific mouse monoclonal antibody (1:600; Roche, Mannheim, Germany). The sections were then washed three times with PBS and incubated for 1 h with a biotinylated mouse secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). The sections were then incubated for another 1 h with avidin-peroxidase complex (1:100; Vector Laboratories). For visualization, the sections were incubated in 50 mM Tris-HCl (pH 7.6) containing 0.03% H~2~O~2~, 0.02% 3,3′-diaminobenzidine (DAB), and 40 mg/mL nickel chloride (nickel-DAB) for 5 min.

After BrdU-specific staining, we performed counter-staining on the same sections using a mouse anti-neuronal nuclei (NeuN) antibody (1:1,000; Chemicon International, Temecula, CA, USA). The sections were then washed three times with PBS, incubated for 1 h with a biotinylated anti-mouse secondary antibody, and processed with the VECTASTAIN^®^ ABC Kit (1:100; Vector Laboratories). For staining, the sections were allowed to react with 0.02% DAB and 0.03% H~2~O~2~ in 50 mM Tris-HCl (pH 7.6) for 5 min and the sections were finally mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and the coverslips were mounted using Permount^®^ (Fisher Scientific, Fair Lawn, NJ, USA).

Western blot analysis
---------------------

BDNF expression in the hippocampus was determined, as the previously described method ([@b2-jer-9-2-6-243_249]; [@b15-jer-9-2-6-243_249]). Tissue samples harvested from the hippocampus were lysed in the protein lysis buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% deoxycholic acid, 1% nonidet-P40 (NP40), 0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 100 μg/mL leupeptin. Protein concentration was measured using a Bio-Rad colorimetric protein assay kit (Bio-Rad, Hercules, CA, USA). Protein of 50 μg was separated on SDS-polyacrylamide gels and transferred onto a nitrocellulose membrane (Schleicher & Schuell GmbH, Dassel, Germany). Rabbit anti-BDNF antibody (1:1,000; Santa Cruz Biotechnology, CA, USA), Horseradish peroxidase-conjugated anti-rabbit antibody for BDNF were used as secondary antibodies. Band detection was performed using as enhanced chemiluminescence (ECL) detection system (Amersham Pharmacia Biotech GmbH, Freiburg, Germany). The final amount of western blot product for BDNF expression was calculated densitometrically using Imaging-Pro^®^Plus (Media Cybernetics Inc., Silver Spring, MD, USA).

Statistical analysis
--------------------

The number of BrdU-positive cells in the hippocampal dentate gyrus were counted hemilaterally using Image-Pro^®^ Plus image analyzer (Media Cybernetics Inc.). The number of BrdU-positive cells in the hippocampal dentate gyrus were expressed as the number of cells per mm^2^ of the cross sectional area of the granular layer. For the confirmation of the expressions of BDNF, the detected bands were calculated densitometrically using Molecular Analyst^™^, version 1.4.1 (Bio-Rad).

All data were analyzed using the statistical software SPSS (version 20.0), and the results were expressed as the mean±standard error of the mean (SEM). For the comparison among the groups, one-way ANOVA and Duncan's post-hoc test were performed, and differences were considered statistically significant at *P*\<0.05.

RESULTS
=======

Effect of training and detraining on step-down avoidance test
-------------------------------------------------------------

The latency in the step-down avoidance test was 141.40±28.56 sec in the control group, 213.33±19.48 sec in the training group, and 68.50±24.37 sec in the detraining group ([Fig. 1](#f1-jer-9-2-6-243_249){ref-type="fig"}). The latency in the training group was significantly increased compared to the control group. However, the mice in the detraining group showed more shortened latency compared to the control group.

Effect of training and detraining on radial-arm maze test
---------------------------------------------------------

The time taken to complete eight successful performances was 216.33±11.48 sec in the control group, 165.50±10.00 sec in the training group, and 281.25±26.35 sec in the detraining group ([Fig. 2A](#f2-jer-9-2-6-243_249){ref-type="fig"}). The number of correct choices to complete eight successful performances was 4.22±0.28 sec in the control group, 5.38±0.18 sec in the training group, and 4.88±0.16 sec in the detraining group ([Fig. 2B](#f2-jer-9-2-6-243_249){ref-type="fig"}). The number of error response to complete eight successful performances was 8.56±0.60 sec in the control group, 6.75±0.73 sec in the training group, and 11.50±1.02 sec in the detraining group ([Fig. 2C](#f2-jer-9-2-6-243_249){ref-type="fig"}). Our data demonstrated that the time and error number taken to complete eight successful performances were lower and correct number was higher in the training group compared to the control group. However, the mice in the detraining group showed more time and error number with no change in the correct number compared to the control group.

Effect of training and detraining on the hippocampal neurogenesis
-----------------------------------------------------------------

Photomicrographs of BrdU-positive cells are shown in [Fig. 3](#f3-jer-9-2-6-243_249){ref-type="fig"}. The number of BrdU-positive cells in the dentate gyrus of the hi ppocampus was 142.71±6.78/mm^2^ in the control group, 242.45± 12.85/mm^2^ in the training group, and 157.29±7.16/mm^2^ in the detraining group. The present results showed that swimming training increased neurogenesis in the dentate gyrus, and detraining decreased neurogenesis in the dentate gyrus near to the control level.

Effect of training and detraining on the BDNF protein expression
----------------------------------------------------------------

BDNF expression is presented in [Fig. 4](#f4-jer-9-2-6-243_249){ref-type="fig"}. The expression of BDNF in the hippocampus was 1.00±0.41 in the control group, 1.19± 0.20 in the training group, and 0.93±0.21 in the detraining group. The present results showed that swimming training increased BDNF expression in the hippocampus, and detraining decreased BDNF expression in the hippocampus near to the control level.

DISCUSSION
==========

In the present study, short-term memory was improved by swimming training, and swimming training also increased hippocampal neurogenesis in the mice. Enhancing effect of exercise on hippocampal neurogenesis is well documented, and increment of learning ability and memory function by exercise has been suggested to be mediated through this increment of neurogenesis ([@b14-jer-9-2-6-243_249]; [@b18-jer-9-2-6-243_249]; [@b31-jer-9-2-6-243_249]). Swimming also increased cell proliferation in the dentate gyrus of rat hippocampus ([@b24-jer-9-2-6-243_249]). The results of our present study corroborated that swimming training enhanced hippocampal neurogenesis, and this effect of swimming training improved the memory function in mice.

In the present study, BDNF expression was increased in the hippocampus of mice that performed swimming training. Neurotrophins is implicated in neuronal survival, differentiation, connectivity, and plasticity ([@b10-jer-9-2-6-243_249]; [@b27-jer-9-2-6-243_249]). Exercise is known to increase expressions of a variety of neurotrophic factors, including basic fibroblast growth factor (bFGF), insulin-like growth factor-1 (IGF-1), and BDNF expression ([@b1-jer-9-2-6-243_249]; [@b6-jer-9-2-6-243_249]). Of them, BDNF is known to enhance synaptic transmission and neuronal plasticity in the CNS ([@b27-jer-9-2-6-243_249]), resulting in increase in learning ability and memory capability ([@b20-jer-9-2-6-243_249]). BDNF enhances hippocampal-dependent memory and long-term potentiation, a form of synaptic plasticity, via Trk-B ([@b19-jer-9-2-6-243_249]). A high level of BDNF is concentrated in the hippocampus, and BDNF is selectively increased following activity-dependent learning and memory tasks ([@b32-jer-9-2-6-243_249]). Exercise tends to increase the expression of BDNF mRNA in the hippocampus ([@b12-jer-9-2-6-243_249]; [@b26-jer-9-2-6-243_249]). Exercise-induced BDNF expression is known to enhance not only neurogenesis but also LTP in the hippocampus ([@b4-jer-9-2-6-243_249]). The results of our present study suggested the correlation of the increment of neurogenesis with enhancement of BDNF expression induced by swimming training in mice.

Unlike positive effects of the training, detraining is defined as the partial or complete loss of training-induced performance adaptation as a consequence of reduction or cessation of training ([@b5-jer-9-2-6-243_249]; [@b7-jer-9-2-6-243_249]; [@b30-jer-9-2-6-243_249]). Detraining induced decrement in the cognitive function and memory capability ([@b9-jer-9-2-6-243_249]; [@b25-jer-9-2-6-243_249]). In the present results, number of BrdU-positive cells and expression of BDNF in the detraining group were decreased near to the control levels. However in the detraining group, latency in the step-down avoidance test was lower, and time taken to complete eight successful performances was longer and error number in the radial-arm maze test was higher compared to the control group. These results suggest that detraining exerted deteriorating effects on short-term memory and spatial learning memory than un-trained control group. [@b25-jer-9-2-6-243_249] reported that regular exercise training improved memory function, decreased the level of reactive oxygen species, and increased the production of BDNF and NGF. On the other hand, the beneficial effects of training were reversible in the brain, since detraining down-regulated the neurotrophin level and memory function..

In the present study, swimming exercise showed enhancing effects on short-term and spatial learning memories through increasing neurogenesis with BDNF expression in the hippocampus. In contrast, detraining showed deteriorating effects on short-term and spatial learning memories without deleterious effects on neurogenesis and BDNF expression in the hippocampus. This memory deteriorating effect of detraining considered as the temporary event. Based on the present results, we suggest that sudden stopping of exercise may induce transient memory deterioration.
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![Effects of the training and detraining on latency in the step-down avoidance test. (A) Control group, (B) training group, (C) detraining group. The data are represented as the mean± SEM.](jer-9-2-06f1){#f1-jer-9-2-6-243_249}

![Effects of the training and detraining on time, correct number, and error number in the radial-arm maze test. (**A**) The time taken to complete eight successful performances. (**B**) The number of correct choice to complete eight successful performances. (**C**) The number of error response to complete eight successful performances. (A) Control group, (B) training group, (C) detraining group. The data are represented as the mean± SEM.](jer-9-2-06f2){#f2-jer-9-2-6-243_249}

![Effects of the training and detraining on neurogenesis in the hippocampus. (**A**) Photomicrographs of 5-bromo-2′-deoxyuridine (BrdU)-positive cells. The sections were stained for BrdU (black) and neuronal nuclei (NeuN; brown). The scale bar represents 100 μm (1) and 25 μm. (**B**) The number of BrdU- positive cells in the dentate gyrus of hippocampus. (A) Control group, (B) training group, (C) detraining group. The data are represented as the mean± SEM.](jer-9-2-06f3){#f3-jer-9-2-6-243_249}

![Effects of the training and detraining on the BDNF expression. Actin was used as internal control. (A) Control group, (B) training group, (C) detraining group. The data are represented as the mean± SEM.](jer-9-2-06f4){#f4-jer-9-2-6-243_249}
